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Stability properties of the negative-mass instability in a rotating
annular electron beam (E-layer) is investigated, in connection with applica-
tions on the cusptron microwave tubes. Analysis i{s carried out for an
infinitely long E~layer propagating through a magnetron-type conducting
wall and propagating parallel to an applied axial magnetic field. We
assume that the E-layer is thin and very tenous. A closed algebraic
dispersion relation of the negative-mass instability is obtained, including
the important influence of conducting boundaries on the mode comtrol in
microwave generation and amplification. It is shown that for typical
present experimental beam parameters, gain and efficiency of the cusptron
can be more than five times those of the gyrotron. Moreover, with an )
appropriate geometric configuration, perturbations with azimuthal mode
number N can be dominantly unstable, thereby optigizing the microwave
power output for radiation with high frequency w * Nu., where w, is the
electron cyclotron frequency and N is the resonator number in the conducting

wall.
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I. INTRODUCTION

In recent years, there have been numerous experimental and theoretical
~ investigations on high power and high frequency microwave devices such as

gyrotrons,l-3 relativistic magnetrons4 and free electron 1asers.5’6 High

power microwaves have been also produced by the negative-mass 1nstability7-9
of a relativistie rotating electron layer (E-layer) in a conducting
waveguide. This relatively new scheme of microwave generation by a
rotating E-layer has many attractive features in practical applicatiom.
- Using the mode control scheme currently under investigation,lo for example,
this device could be a tunable, high-frequency microwave tube with low
magnetic fields. One of the simple ways to produce a rotating E-layer is
use of a magnetic cusp field through which an annular electron beam be~
comes the same radius rotating beam.11 After passing through a cusped
magnetic field, a nonrelativistic E-~layer is propagating through a
convential magnetron-type conducting wall called the cusptron. The name
"cusptron" is originated from the cusp and the magnetron. In this paper,
we investigate the negative-mass stability properties of the E-layer in
j a magnetron-type conductor, in connection with the application on the
cusptron microwave tube.
The stability analysis of the negative-mass instability is carried
- out for an E-layer with radius RO propagating through a mangetron-type
conductor with its inner-and outer-most radii Ra and Rc’ respectively.
. Equilibrium and stability properties are calculated for the
electron distribution function (Eq. (1)] in which all electrons have the

same energy and the same canonical angular momentum but a Lorentzian
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distribution in the axial canonical momentum. The stability analysis is
calculated within the framework of the linearized Vlasov-Maxwell equations
for an infinitely long E-layer propagating parallel to an applied magnetic
field Bbéz with an axial velocity Bzcé. We assume that the E-layer is thin
and very tenuous. The formal dispersion relation [Eq. (29)] of the negative-
mass instability is obtained in Section II, including the important
influence of conducting boundaries on the mode control in microwave
amplification and generation.

In Section III, properties of the vacuum dispersion relation in a
magnetron-type conductor are investigated without including the influence
of beam electrons. It is shown that the vacuum dispersion relation reduces
to three distructive modes; the transverse electric (TE), the transverse
magnetic (TM), and the magnetron TE modes. From numerical calculation, the
cut-off frequency Wop = nc/Ra is obtained in terms of the ratio Rc/Ra’ In
Section IV, the negative-mass stability properties of an E-layer is numerically
investigated. Several points are noteworthy from the numerical calculation for
a nonrelativistic cusptron. First, optimum coupling occurs between the beam
and the fundamental 27 modes. It is shown for the fundamental 27 mode that for
typical present experimental beam parameters, gain and efficiency of the cusptron
can be more than five times those of the gyrotron. Second, for the
applied magnetic field satisfying the grazing condition of the £ = N
perturbations, other azimuthal perturbations with 2 # N are suppressed.
Here £ is the azimuthal harmonic number of perturbations and N is the
number of resonator im the magnetron-type conductor. Under this grazing
condition, the £ = N mode perturbation is the dominant unstable mode,
optimizing the microwave power output for radiation with frequency

w = lwc. Therefore, even for relatively low magnetic field, high frequency
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:' microwave can be amplified by making use of the cusptron with N 2 2,
j:: ) Finally, the growth rate and Doppler-shifted real oscillation frequency
_'»;j are substantially increased by changing the applied field index from
¥ Zero to a small positive value. Preliminary investigation of a rela-
b tivistic cusptron amplifier is alsoc carried out in Section IV.
l
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II. VLASOV-MAXWELL THEORY

A As illustrated in Fig. 1, the equilibrium configuration consists

of a nonneutral electron layer (E-layer) that is infinite in axial extent

o0 _
Ll TR IRURE AT

and aligned parallel to an applied magnetic field Bo(r)éz. The electron
layer is accomplished by passing of a hollow electron beam through an

ideal cusp magnetic field.11

Therefore, the electron layer is in a fast
rotational equilibrium, where all electrons have positive canonical
angular momentum, The mean radius of the E-layer is denoted by Ro. We

also assume that the radial thickness of the E-layer is 23 which is much

f} [
f S

5.

less than the equilibrium radius R., i.e., a <<RU’ The mean motion

of the E-layer is in the azimuthal direction, and the applied magnetic

H -
«

- .P -‘l '

field provides radial confinement of the electrons. As shown in Fig. 1,

by
.

the outer conductor is a magnetron-type configuration with its inmner-
and outer-most radii R.a and Rc,¥espectively. The angie of the open spaces
in the magnetron-type conductor is denoted by 2a. In the theoretical
analysis, cylindrical polar coordinates (r, €, z) are employed. In the
. present analysis, we assume that v/9 << 1, where v = Nbezlmc2 is Budker's
parameter and Ymc2 is the electron energy. Here Nb is the total number
of electrons per unit axial length, -e and m are the charge and rest
mass of electrons, respectively. Consistent with the low-density assump-
tion, we neglect the influence of equilibrium self-fields.

In the present analysis, we investigate the equilibrium and stability
! properties for the choice of equilibrium distribution function

chbpzA S8(y -7V ‘S(Pe - Po)
- 2A2

0

£ (H, P, P) = (1)
| A - 1 3 2 82 -
z 4T°me (Pz - ﬁz) + P,

TR T ean ettt ) e K e DN B N e 0T e e S s p i h O
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where H = Ymc.2 = (mzc4 + czpz)& is che total energy, Pz is the axial

canonical momentum, P, = r[pe - (e/c)Ao(r)l is the canonical angular

8
momentum, w . = eBo(Ro)/§mc is the electron cyclotron frequency, Ao(r)
is the axial component of the equilibrium vector potential,
Py = (e/c)ROAO(RO) = (e/2c)RozBo(Ro) and v, ﬁz and 4 constants.

In the subsequent stability analysis, we examine the linearized
Vliasov~-Maxwell equations for perturbations about a thin E-layer
equilibrium described by Eq. (1). To calculate stability quantities

of the E-layer, we adopt a normal-mode approach in which all E-layer

perturbations are assumed to vary with time and space according to
$Y(x,t) = Yy (rlexp {1(29 + kz - wt)},

where Imw > 0. Here, w is the complex eigenfrequency, k is the axial
wavenumber, and 2 is the azimuthal harmonic number, The Maxwell
equations for the perturbed electric and magnetic field amplitudes can

be expressed as

7 x E@®) = 1w/,
¥ x B(x) = (4n/e)J(x) - 1(w/)E(X) , (2)

where g(g) and 3(5) are the perturbed electric and magnetic fields,

Ix = —efd3p v B (x,p) (3)

is the perturbed current demsity.

. 0 R v'xB& | .
I Gp) = ef atexp(-iwt) | E(x") + ———— aL, £ (4)

-0 -

is the perturbed distribution function, and 1 = t' - t.
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{f From Eq. (2), it is straightforward to show that
> 2 < o bT A
- Y zz(r) i [ (r) » Lk E (T )] = Y0 (D) (5)
" where
RPN ®
" For present purpose, we assume that
IQI = Im - lmc - kszcl << w0,
La <<
: a R, (7
- where Bz = ﬁz/?mc and ¢ is the speed of light in vacuo. The perturbed
- axial and azimuthal electric fields [Ele(r) and ﬁlz(r)] are continuous
S; across the beam boundaries (r ='R; and r = R,). Here R, =R, - a and
R2 = RO + a are the inner and outer boundaries of the E-layer, respec-
: tively. Moreover, within the context of Eq. (7), it is valid to approximate
: Epo(Ry) = Bgg(Rg) = Egg(Ry)
g (8
il Elz(Rl)‘= Elz(Ro)‘= Elz(Rz)‘
. Integrating Eq. (5) from r = R, - S tor = R, + § and taking the limit
' 5§ -+ 0+, we obtain
-i -+ ~ - 44" Rz ~
®,N -8, ® =T | farg, @, ©)
R
1
+
N where w(Rj') denotes 6 \D(Rj + 6). Similarly, the discontinuity of .
q
2 the azimuthal component of the perturbed magnetic field is given by
6
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ﬁze(R2+) - ﬁze(“f) = % sz driu(r), (10)
ol

For convenience in the subsequent analysis, we introduce the

12

normalized electric and magnetic wave admittances,”” d_and b, , defined

+?

at the inner and outer surfaces of the E-layer by

+ -[r(alar)ﬁu(r)]wz_/lﬁu(Rz) ,

_ [r@/ar)ﬁu(r)] _/!.ﬁzz(kl) s
R

e
[ ]

(11

.
L}

and

(-2
[]

L= ‘ﬁzz(n;')/ [r(a/ar)nu(r)] R,

b_ = ﬁﬁlz(Rl-)/[rO /3t)ﬁzz(r)] R

From Eq. (2), it is .traightforward to show that

(12)

9

A € 22 Ltk
528z (T) = I [p Egg(r) + TEzz(r)] ’

A kox iw 2
Bro(m) = - 738,,(0) + == 3

pr cp

Ezz(’) > (13)

outside the E-layer and the radial coordinate r satisfying r € Ra'
Substituting Eq. (13) into Eqs. (9) and (10) and making use of Egqs. (11)

and (12) we obtain

N - q CaabCY
LS B R IS I AT ST NN, PRSR

"
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(b_ +b) l ofze(Ry) + keE, (R )J

(14)

2
4mp s
@+ 4k, (r) = - 1 4 ﬁdrjie(t) 11— ﬁerlz(r) :

! R

)

"’f drjw(r) ,
®

Ro

where use has been made of Eq. (8). Evidently, an evaluation of the
azimuthal and axial components of the perturbed current density

(316 and 312) is required for a detailed stability analysis.

A. Perturbed Current Density

In this section, we evaluate the perturbed distribution function
and subsequently the perturbed current density. As indicated in Eq. (4),
the particle trajectories, r'(t), 8'(t) and z'(1), in the equilibrium
fields are required in order to evaluate the perturbed distribution

function. The applied axial magnetic field Bo(r)gz is approximated by

Bo(t) - BO(RO) Q- np/Ro) (15)

wvhere p = r - RO and

R, [ ]
0= - ——— (r) (16)
Bo( o) Jr 0 O

is the magnetic field index. Therefore, the azimuthal component of the

vector potential is expressed as

r
TAy(r) = RyA(R)) + B (Ry) J' dr (1 - %ﬂ ) . an

" - -
" A e

o e !

oot o o PO T W VP Y
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2 2 4 2 2. %

Making use of the Hamiltonian H = Ymc™ = (m“c + c"p")

s the canonical
angular momentum Pe =7 [pe - (e/c)Ao(r)] and Eq. (17), we obtain the

electron trajectoriesl3

s 2
p' = ' - RD = wcéPe/Ymur R0 + Arsin(wrf +4¢)

z' =z + pzTIQm . (18)
5Pe mc
8' =w - y—s+zo' ,
¢ YmRO2 R0
where
" 2
1
r oy
8
2 . 2
w, o= a - n)wC (20)

is the radial betatron frequency-squared of electroms, Yo = (1 - fiez)-l5
is the relativistic mass ratio associated with the aximuthal electron
velocity Bec, Ar is the amplitude for radial betatron oscillations,

6Pe = Pe - PO’ and T = t° - t, Within the co;text of Eq. (7)), it is
valid to approximate

GPe
! = -
8 w, W 2 (21)

fu,

and to neglect the small oscillatory term mcp'/Ro.

After a simple algebraic manipulation that makes use of Eq. (7),
12,13

the perturbed distribution function in Eq. (4) is approximated by
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. ( sz) . 2, s .o
fp = el YLV =T Bofae®o) * 5 B R 5F, B

(22)
kV ( lve) 3 0
< By + p o LrPAS B N
where the orbit integral I is defined by
o .
I= fdr exp{i [z(e' - 8) +k(z' - 2) - wr]}
(23)

- 0 - — e
= jlw zwc Ta Ly

and use has been made of Eq. (8). Substituting Eq. (23) into Eq. (22)
. and carrying out a tedious but stréightforward algebra, we obtain the

perturbed distribution function

2 2.2
ec Yu - k'R,

£ = 1—
YmRO w (w - 2mc - sz)

b

3 [ 9 19(30) + B,E lz(RO)] - (24

Subsequently, integrals of the perturbed current density in the left-~hand

side of Eq. (14) are given by

dr J__(r) = (B,./8)) dr J, (1)
29 6" "z £z
! y

w_co
C

--im— [eze(Ro)"'B E (Ro)] , (25)

where the effective susceptibility o is defined by

10

e e e . :wﬂi ‘ i -
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2 2,2

a(w.k)-%-cz 0 , (26)

B2 (0 - to_ - kB_c + 1]k[8_cTary,)?

and v = Nsez/mcz is Budker's parameter.

Substituting Eq. (25) into Eq. (14), we obtain the matrix equation
relating Eze(Ro) and Ezz(RO)' The condition for a nontrivial solution
to this matrix equation is that the determinent of the matrix vanishes.

This gives the general dispersion relation

lzmcz (kc - Bzw)2
o+1=20

= ’
22 |b_+b d_+d,

27)

where use has been made of the approximation w = lwc + szc, which is

consistent with Eq. (7). Defining the geometric factor I'(w,k)

22 Ezw 2 (ke - & w)2 -1
F(w,k) = p ¢ c__ 2
?
2 b_+b+ d_+d+

(28)

and substituting Eq. (26) into Eq. (27), the dispersion relation in
Eq. (27) 1is expressed as

2 2.2
c2 Ly =k R0

2 ) 2 3.2
R0 (w - lwc - kszc + i[k[ﬂchA/Yz )

I'(w,k) = = -3— (29)

which can be used to determine the complex eigenfrequency @ = w - zwé - kézc

in terms of various physical parameters.

B. Geometric Factor I'(w,k)

The evaluation of the wave admittances at the boundaries of the

E-layer is required in order to complete the dispersion relation. To

11
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make the theoretical analysis tractable, in the subsequent analysis, we
concentrate the lowest modes of the electromagnetic waves inside the

resonator where Ra <r <'Rc. Moreover, the previous st:udyl"’l5

have
exhibited that the lowest modes in the resonator dominates the wave
interaction. In this regard, for the transverse magnetic (TM) mode, we

select (Appendix)

Ez(r) =0,R <r< R, (30)

which is lowest mode properly satisfying all the necessary boundary
conditions. The Maxwell equations of the TM mode in the region

0<r<« Ra can be expressed as

2
1l ) ? ) 2) -
(rarrar r2+p)E9.z(r) 0 (31

except the inside of the E-layer (i.e., R1 <r < RZ)' Here p2 - wzlc2 - k2
is defined in Eq. (6). The physically acceptable solutions to Eq. (31)

is given by
A Jz(pr) y, O0S€rs Rl ,

B, (1) = { B[J,(pr) = I, (MN,(pDI/N (W] , (32)

R, €r< R

where Jz(x) and Nl(X) are Bessel functions of the first and second kind,

respectively, the parameter n is defined by

n? = e - kbR, (33)

12
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i and A and B are constants. Substituting Eq. (32) into Eq. (11) and
j ) carrying out a straightforward algebra with a << RO’ we obtain a sum
3 of the electric wave admittance
’ 23,(n) /=8
7. d_+4d, = - (34)
+  J,(8) [J, (0N (n) - J, (MN (5)]
' where £ = nRO/Ra'
; Similarly, for the transverse electric (TE) mode, the sume of the
? magnetic wave admittances is expressed as (Appendix)
1. '
A Zlcz(m,k)/nEZJz (€)
& | b_+b = (35)
' '
- 3, () + G, (w,kN, (&)
y
‘ where
.
I (n)D(w,k)
Gz(“’sk) bttt ’ (36)

N, (MF(u,k)

® J_(n) 2
D(w,k) = 2: n' (sizna )
m== J ()

Jo(n)Nl(C) - Jl(c)No(n)

" s 3, CON, () = 3, R, (@ Gn
is the vaccuum dispersion function,
F(0,K) = D(w.K) - sz“) } sz“) ( st:za ) 2 ' (38)
Jo () N, (M)
the integer n in Eq. (37) is defined by
n=s+mN ' (39)

13
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N is the number of the resomators, a is the half angle of the open

spaces ag shown in Fig. 1, s is an integer satisfying 0 < s < N - 1,
the prime(’') denotes (d/dx)Jz(x), and finally the parameter 7 is defined

by

2 22,02 2,2 2\, 2
T = Rc /Ra = (0 /¢ k )Rc . (40)

L]

For detailed information in deriving Eq. (35), we urge the reader to
read the Appendix. Substituting Eqs. (34) and (35) into Eq. (28)

completes the dispersion relation of the cusptron microwave tube.

14
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III. VACUUM DISPERSION RELATION

In the absence of the beam [v - 0 in Eq. (29)], the dispersion
relation in Eq. (27) reduces to the TM dispersion relation
J,(n) =0 (41)

and to the TE dispersion relation

G (w,k) =0 , (42)

where use has been made of Eqs. (28), (34) and (35). The TM dispersion

relation is equivalently expressed as

" 2
i 2 8
c Rh

where Bﬁn is the nth root of Jl(an) = 0, Similarly, it is shown from

Eq. (36) that the TE dispersion relation can be equivalently expressed

as the ordinary TE mode

2 a'z
R S (44)
c R
a

and the magnetron TE mode

2
oo« £ B (snan)
me=-= J (n) na
.' n
J (N (2) = J. (ZIN_ (n)
90 __1 10 =0 , (45)

" Na Jl(;)Nl(n) - Jl(n)Nl(c)

# 15
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where @ is the nth root of Jl'(azn) = 0, In Eq. (45), N is the
number of resonators, a is the half angle of the open space in resomator,
the integer n in Eq. (45) is defined by n= s + mN, s = 0, 1, 2, ... N-1,
and the parameter n and [ are defined by n2 - CZR.aZ/Rc2 = sza2 =
(m2/c2 - kz)R.a2 in Eq. (33).

In the remainder‘of this section, we investigate properties of the
magnetron TE mode in Eq. (45) which relates the parameter n to the
parameter Z.. In other words, the value of the parameter n is evaluated

in term of Rc/R.a = 7/n. Once we determine value of the parameter n, the

dispersion curve in (w,k) parameter space is obtained from the relation

w?/e? - 2 = n?/r 2 (46)

Shown in Fig. 2 are'plots of the parameters n (solid curves) and ¢
(dashed curves) versus the radiﬁs ratio Rc/Ra for N=6, s =0, a = 1n/12
and the three lowest radial modes. Several points are noteworthy in
Fig. 2. First, as expected, value of the parameter n decreases
monotonically as the ratio Rc/R.a increases. However, value of the
parameter [ stays relatively steady. Second, we note that values of
parameters n and [ at Rc/Ra = ] are given by n = ¢ = @ = 3.83 for the
lowest radial mode (the fundamental 27 mode), G50 = 7.02 for the second
and Gy = 7.50 for the third mode. Finally, it is shown for the third
radial mode that the value of the parameter n has a plateau for
1.2 < RC/Ra <1l.4.

Figure 3 is plots of the parameter n versus ratio Rc/Ra for s = 0,
a = n/2N, the lowest radial mode number, and several values of N.

Remarkably, the value of the parameter n is relatively independent of

16
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the number N for N # 3 and for the lowest radial mode number. On the
other hand, for N = 2 and Rc/Ra = 1, the parameter n is given

n=2¢9= % " 3.05. Dependence of the parameter n on the integer s is
presented in Fig. 4 where parameter n is plotted versus the ratio

R‘;/Ra for N = 6, a = /12, lowest radial mode number and different
values of s. After a careful examination of Eq. (45), we note that the
dispersion relation for s = 1 is identical to that for s = N - 1, and
so on. In this regard, plots in Fig. 4 are presented only for the

integer s satisfying 0 € s € N/2. Obviously from Fig. 4, we conclude

that the parameter n depends sensitively on the integer s. For Rc',Ra =],
the value of the parameter n is given by n = ag1 for each s. Of course,
the vacuum dispersion relation in Eq. (45) 1is also investigated for
different values of the half angle a. Shown in Fig. 5 are plots of

the parameter n versus the ratio R‘:/Ra for N= 8, s = 0, lowest radial
mode number and several values of a. Parameter n reduces with increasing
value of the half angle a for the range 1 < Rc/Ra <1l.4, which is a typical

parameter range of present experiments.

17

- - MNP TPV S Py FRPRDEPN Wy WU T T ) Py . R . LI T S R Y J




.........

NSWC TR 82-530

IV. NEGATIVE-MASS INSTABILITY IN MAGNETRON-TYPE CONDUCTOR

In this section, we investigate stability properties of the
negative-mass instability in a E-layer propagating through a magnetron-
type conductor, by making use of the dispersion relation in Eq. (29).
The growth rate and bandwidth of the negative-mass instability are
directly related to the gain and bandwidth of the cusptron amplifier
or oscillator. Making use of the fact that the "Doppler-shifted"
eigenfrequency Q in Eq. (7) is well removed from the electron cyclotron
resonance, i.e., |0] << W, and evaluating the function I'(w,k) at
k= kb = (w - ch)/Bzc for the amplifier and at w = w o= fw, + szc for

the oscillator, the dispersion relation in Eq. (29) can be approximated
by

v 18, c7a ] 2
oy - 2 (3) o, 4] oo I |

2
"
2
v
g ()
2\(R.0
for the amplifier and
e o ] oo
r k) +| —T Q QO+ i —
“% dw mb Yz3
(48)
2
- - Yc - (12u _ k2R02)
ZYR0
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for the oscillator. In the remainder of this section, the growth rate
ﬂi = ImQ and the Doppler-shifted real oscillation frequency Qr = Ref are
numerically calculated from Eq. (47) for the amplifier and from Eq. (48)
for the oscillator. Numerical calculation is carried out for the
nonrelativistic slectron beam parameters v = 0.002, A = 0,04, Be = 0.4
and Bz = 0,2 corresponding to Y = 1.118. For a relativistic beam,
Be = 0,96 and Bz = 0.2 corresponding to y = 5.1.

To .the lowest order, the eigenfrequency w and axial wavenumber k

are obtained from the simultaneous sclution of the vacuum waveguide mode

dispersion relation,

wz 2 n2
-7~k =—7 5 (49)
c Ra

and the condition for cyclotron  resonance

w = lmc + szc. (50)

Moreover, to maximize the growth rate and efficiency of microwave
generation and amplification, it is required that the group velocity of
the vacuum waveguide mode in Eq. (49) be approximately equal to the

beam velocity, 1.e.,

v, = du/dk = kel/w = Be . (51)

Solving Eqs. (50) and (51) for the characteristic frequency and axial

wavenumber (w,k) = ’wo,ko), we find (Fig. 6)

2 2
= = 6
wg lwcyz . ko ch .Yz /e . (52)
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For maximum growth, it is also required that (wo ko) solve Eq. (49) in
‘ ?
leading order. Therefore, for maximum efficiency, we find that Ra should

satisfy

Ra = nc/lwcyz . (53)

Under the grazing condition in Eq. (53), the cyclotron resonance mode
in Eq. (50) is a tangetial line of the vacuum waveguide mode in Eq. (49),
as shown in Fig. 6. Noting Be = Rowc/c, it is found from Eq. (53) that

the beam radius is determined from

RO/Ra = Bec/Ramc = lﬁeYZ/n , (54)

and that the parameter n should satisfy the inequality

for a physically acceptable cusptron microwave tube,

A. Nonrelativistic Cusptron Amplifier

In this section, we summarize results of numerical calculation
from Eq. (47) for the amplifier in a nonrelativistic electron bean
(ee = 0.4) propagating through a unifrom applied magnetic field with
the field index n = 0. Shown in Fig. 7 is a plot of the geometric
factor P(m,kb) versus normalized frequency w/wc in Eq. (28) for N = 6,
2=6, =0, a=17/12, Rc/Ra = 1.4 and Rawc/c = 0.4433 corresponding
to the grazing condition in Eq. (53) for the parameter n = 2.715 in

Fig. 2. Here the axial wavenumber k is substituted by k, = (w - lwc)/S_c

b
consistent with the dispersion relation in Eq. (47) for amplifiers. As

20
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expected from the condition Rawc/c = 0.4433, the curve of the geometric
tactor I' grazes the horizontal line. Values of the geometric factor T
are very close to zero in a considerable range (f.e., 6 <¢u/wc <6,5 in
Fig. 7) of w space, thereby exhibiting possibility of broad unstable
frequency range.

Figure 8 shows plots of (a) normalized growth rate Qi/wc and
(b) Doppler-shifted real frequency Qr/wc versus wlwc obtained from
Eq. (47) for the electron beam parameters v = 0.002, A = 0,04,
89 = 0.4, Bz = 0,2, the field index n = 0 and the grazing conditions
(i.e., Rawc/c = 0.4433 for Rc/Ra = 1.4, 0.4934 for Rc/Ra = 1.3,
0.5453 for R.c/Ra = 1.2, 0.5905 for Rb/Ra = 1.1 and 0.6257 for Rc/Ra =1),
corresponding to fundamental 27 mode, and parameters otherwise identical
to Fig. 7. For each value of Rc/Ra, the growth rate curve consists of
two parts; solid line corresponding to relatively large Doppler-shifted
;eal frequency and dashed line corresponding to very small Doppler-shifted
real frequency [Figs. 8(a) and (b)]. The efficiency of microwave tube is
directly proportional to the Doppler-shifted real frequency.16 In this
regard, even though instability of the dashed curve exhibits large growth
rate, there is no sifnificant amplification in this frequency range
corresponding to small Doppler-shifted real frequency. Obviously from
Fig. 8(a), the amplification growth rate [solid curve in Fig. 8(a)]
reduces as Rc/Ra approaches to unity. In particular, for Rc/Ra =1,
the amplification growth rate vanishes, thereby smoothly connecting
two dashed curves in Fig. 8(a). In this case (Rc/Ra = 1), the

Doppler-shifted real frequency Qr/wc is less than 0.003. We also

21
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note from Figure 8(a) that the maximum growth rate of the cusptron is more
than five times that for coaventional gyrotron amplifier [Curve for Rc/Ra =
1.4 in Figure 8(a)]. Also the Doppler-shifted real frequency for Rc/Ra =

1.4 in Figure 8(b) <xhibits a strong possibility of very high efficiency in

microwave amplification.

Numerical investigation of Equation (47) has been also carried out for
a broad range of physical parameters s, £, o, N and various radial mode
number. From this numerical calculation, we make several conclusionms.
First, under the grazing condition R, = nc/ch'(z corresponding to £ = X,
there is no amplification growth rate of instability for perturbations with
L + N azimuthal harmonic number. Second, optimizing value of the parameter
Ramc/c according tc Equation (53), the £ + N perturbations also have substantial
amount of the amplification growth rate with relatively large Doppler-shifited
real frequency. However, comparing with Figure 8, we conclude that the
amplification growth rate of the £ = N perturbation is largest and is most
effective means of the microwave amplification. Third, after optimizing the
parameter Rawc/c according to Equation (53), the s = 0 perturbation is the
best in the microwave amplificaticn. Fourth, it is found that the lowest
radial mode perturbation is dominant unstable mode. Fifth, we also found
from the numerical calculation that after optimizing Rawc/c, the growth rate and
Doppler-shifted real frequency are almost independent of a in the range
n/4N < o < /2N for s = 0, £ = N and the lowest radial mode number. However,
increasing a from w/2N to 7/N reduces drastically the growth rate and Doppler-

shifted real frequency. Finally, stability properties have been investigated
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also for N = 4 and parameters otherwise identical to Figure 8. It has been

shown from numerical calculation that the maximum growth rate and Doppler-

shifted real frequency of N = 4 are comparable to those of N = 6 case. However, the
optimum value of the growth rate and real frequency oécurs at Rc/Ra =1.8

and Rawc/c = 0.4494, After consideration of all of these properties, we

conclude for the nonrelativistic electron beam with Be = 0.4 that the optimum
physical parameters for microwave amplification are N = 6, £ = 6, s = 0,

a = 1/12, Rc/Ra = 1.4 and Rawc/c = 0.4433.

B. Effect of Non-Zero Field Index

As shown in Equations (47) and (48), the coupling coefficient is directly
proportional to - the parameter
1 1 2 n .

HETon T 2 8 +

(56)

where n is the field index defined in Equation (16). Evidently from Equation
(56), for nonrelativistic beam with 882 << 1, small increase of the field
index from zero makes a big difference in the coupling coefficient, thereby
enhancing the gain and efficiency of the microwave amplification. Shown in
Figure 9 is plots of (a) normalized growth rate Qi/mc and (b) Doppler-shifted
real oscillation frequency ‘%/wc obtained from Equation (47) for Rc/Ra = 1.4,
Rawc/c =(0.4433, several different values of the field index n, and parameters
otherwise indentical to Figure 8. Obviously, the growth rate and real
frequency increase substantially by increasing the field index from zero to
a small positive value. However, since the applied magnetic field is not

anymore uniform along the axial direction for non-zero field index,
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tapering of the conducting wall radius Ra is required in order to match

the grazing condition in Equation (53) (e.g., Rawc/c = 0.4433 in Figure 9).

C. Nonrelativistic Cusptron Oscillator

The growth rate and Doppler-shifted real oscillation frequency are
numerically obtained from Equation (48) for the oscilliations in a nonrelativistic
electron beam. Figure 10 is plots of (a) normalized growth rate and (b)
Doppler-shifted real frequency versus normalized axial wavenumber kc/mc obtained
from Equation (48) for the parameters identical to Figure 8. Normalized
lowest order eigenfrequency wb/wc =0 + szc/wc is also shown in the horizon-
tal scale in Figure 10. Comparing Figure 10(a) with Figure 8(a), we note
that unstable range in frequency space for the oscillation is broader than
that for the amplifier. Perfurbations in the amplifier are unstable only
for the positive k-space. Moreover, the real frequency in the oscillator

is considerably different from that in the amplifier [Figures 8(b) and 10(b)].

D. Relativistic Cusptron Amplifier

Preliminary investigation of Equation (47) has been carried out for the

amplifiers in a relativistic electren beam with Be = 0.96 and Bz = 0.2,

After a careful examination of Equation (55) and Figure 2, we note for the
relativistic electron beam (Be -+ 1) that the first available coupling occurs
at the third lowest radial mode number where the parameter n is larger than
N for a reasonable range of Rc/Ra' Figure 11 shows plots of (a) normalized
growth rate Gi/wc and (b) Doppler-shifted real frequency Qt/wc versus w/wc
for Be = 0.96, the grazing conditions (Rawc/c = 1,1101 for Rc/Ra = 1.5,

1.1679 for Rc/Ra = 1.25 and 1.2249 for RC/Ra= 1), and parameters otherwise

tJ
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identical to Figure 8. Contrary to a nonrelativistic cusptron amplifiers

}T (in Figure 8), the growth rate and bandwidth of instability in Figure 11
incrase drastically as R‘:/R.a approaches to unity. However, for Rc/Ra = 1.5
and Rawc/c = 1.1101, the Doppler-shifted real frequency of perturbations with
£ $ N azimuthal mode number vanishes, while the £ = N perturbation has
considerably large Doppler-shifted real frequency. In this regard, by
selecting Rc/Ra = 1.5 an%.Rawc/c = 1,1101, microwaves with I = N mode

o perturbations are dominantly amplified, thereby optimizing the microwave
power output for radiation with frequency w = lwc. On the other hand, for
Rc/Ra = ], various other modes compete with the £ = ﬁ mode, leading to multi-
mode amplification. Therefore, even though the growth rate for Rc/Ra = 1.5
is less than that for Rc/Ra = 1, geometric configuration with Rc/Ra = 1.5 is
more effective to amplify microwaves. Numerical investigation of Equation

(47) for N = 12 and N = 24 also exhibits very similar properties.

- . After a careful examination of the geometric factor I'(w, k) for a broad
range of various physical parameters, it can be found

I'(w, k,) =0,
b (57)

n

(orw, k) /3], 0,

K

for particular values of Rawc/c and frequency w. In this case, in order to

correctly evaluate the gain of the cusptron, we approximate Equation (29) by

{
| [I‘(m» k) -é (':_k r)kb @+ 28:2‘:2 ('z% r>kb QZJ

S - a2
i [k |8 cva 2
g x[9+i-—kb—§-——] = - ch <£2u-kb2R02>. (58)
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Of course, the dispersion relation in Equation (47) is used to obtain the
gain for a broad range of physical parameters except w satisfying Equation

(57). Obviously, Equation (47) fails to estimate the gain for this

.

frequency range. We therefore make use of Equation (58) to obtain the gain
at the frequency satisfying Equation (57). We also emphasize the reader
that the gain of the cusptron amplifier at the frequency w corresponding

to Equation (57) is significantly greater than that at other frequencies.

In order to illustrate a high gain cusptron amplification, shown in
Figure 12 are plot of the normalized growth rate G&/mc versus w/mc obtained
from Equations (47) and (58) for Be = 0.96, N = 24, £ = 25, Rc/Ra = 1.1,
Rawc/c = 1.069 and parameters otherwise identical to Figure 8. The dashed
curves in Figure 12 are plot of the gain obtained from Equation (47) in the
frequency range satisfying Equation (57). Obviously Equation (47) fails in
this frequency range. However, Equation (58) correctly evaluates the growth
rate in this region. As expected, the maximum gain in Figure 12 is considerably
enhanced in comparison with that of ordinary cusptron amplifier (Figures 8
and 11). However, the Doppler-shifted real frequency in this frequency range
is comparable or smaller than that for other frequency ranges. Other detailed
properties of the relativistic cusptron amplifiers and oscillators are currently
under investigation by authors for a broad range of physical parameters and

will be published elsewhere.
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V. CONCLUSIONS

In this paper, we have investigated the negative-mass stability
properties of an E-layer propagating through a magnetron-type conductor,
in connection with application on the cusptron amplifier and oscillator.
Stability analysis has been carried out within the framework of the
linearized Vlasov-Maxwell equations, assuming that the E-layer 1is thin
and in a fast rotational equilibrium. The formal dispersion relation
of the negative-mass instability was obtained in Section V, including the
important influence of the magnetron-type conductecr which has periodic
resonators. Properties of the vacuum waveguide mode in a magnetron-type
conductor have been briefly investigated in Section III, without including
the influence of beam electrons. Making use of the vacuum dispersion

relation, the cut-off frequency‘wc = nc/Ra has been calculated in terms

't
of the radius ratio R¢/R,. For the number N of the resonator more than three,
it has been shown for thg fundamental 27 mode with s = 0 that wRa/c =0y =
3.83 when Rc/Ra = 1. In Section IV, the negative-mass stability properties

of an E-layer were numerically investigated, including the important

influence of the magnetron-type conductor. Several points are noteworthy

from this numerical calculation for a nonrelativistic cusptron amplifier

or oscillator. First, optimum coupling occurs between the beam and the
fundamental 2m modes. Utilizing the fundamental 2m mode, it was showm

that for typical present experimental beam parameters, gain and efficiency

of the cusptron can be more than five times those of the gyrotron. Second,

for the applied magnetic field satisfying the grazing condition Ramc/c =

n/NYz of the £ = N perturbations, other azimuthal perturbations with 2 ¢ N
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are suppressed. Therefore, under this grazing condition, the £ = N mode
perturbation is the dominant unstable mode, optimizing the microwave

power output for radiation with frequency w = zmc. In this regard, even
for relatively small applied field, high frequency microwaves can be
amplified by making use of the cusptron with N 2 2. Finally, the growth
rate and Doppler-shifted real oscillation frequency are substantially
increased by changing the applied field index from zero to a small positive
value. Preliminary investigation of a relativistic cusptron amplifier has
been carried out,and it has been shown that the stability trend of the

relativistic cusptron is similar to the nonrelativistic case.
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FIGURE 2.
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PLOTS OF THE PARAMETERS 71 (SOLID CURVES) AND ¢ (DASHED CURVES) VERSUS
RATIO R /R, [OBTAINED FROM EQ. (45)] FORN = 6, s = 0, a = /12 AND THREE LOWEST
RADIAL MODES
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=0
a=m/2N
0] l |
1 3 5
F!C/Ra

FIGURE 3. PLOTS OF PARAMETER n VERSUS RATID R /R, OBTAIJED FROM EQ. (45) FORs=0,
a=m/2N, LOWEST RADIAL MODE NUMBER, AND SEVERAL VALUES OF N
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FIGURE 4.

PLOTS OF PARAMETER n VERSUS RATIO R /R, OBTAINED FRUM EQ. {45) FOR N = 6,
a = /12, LOWEST RADIAL MODE NUMBER AND DIFFERENT VALUES OF s
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FIGURES. PLOTS OF PARAMETER n VERSUS RATIO R /R, OBTAINED FROM EQ. (45) FOR N =8,
s = 0, LOWEST RADIAL MODE NUMBER AND SEVERAL VALUES OF a
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FIGURE 6. THE STRAIGHT LINES w = k¢ + 8w, AND w = ke/B, INTERSECT AT (wg,kg) =
(Rw,y2 2w B,v2/e). THE VACUUM WAVEGUIDE MODE w = (k22 + n2:2/R2) 1/2
PASSES THROUGH (wg, kg) PROVIDED R 0 /c = 1/%y,
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40__ ,S\'ig RC/Ra=1'4
- R, w, /c=0.4433
20 a=m/12
6.2 6.6
w/wc

- 20

_40L.

-60

FIGURE7. PLOT OF THE GEOMETRIC FACTOR I(w,ky) VERSUS NORMALIZED FREQUENCY
w/w, IN EQ. (28) FORN =6,2=6,5=0,a=1/12, R /R, = 1.4 AND R, /c = 0.4433
CORRESPONDING TO THE GRAZING CONDITION FOR,, " 2.2
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P o Pl ad- o &g S ar Mgria ——T

(00]
7 1

v=0.002, A=0.04,
B,=0.4, B,=0.2, n=0

FIGURE 8.

o \
o \
X
O ™
3 Y
i 4 \\\N
G .
/’d
/7
0
6.0 6.6

PLOTS OF {a) NORMALIZED GROWTH RATE Qi/wc AND DOPPLER-SHIFTED REAL
OSCILLATION FREQUENCY Q.r/wc VERSUS w/wc OBTAINED FROM EQ. {47) FOR
ELECTRON BEAM PARAMETERS v = 0.002, & = 0.04, By = 0.4, 3, = 0.2, FIELD INDEX
n =0 AND THE GRAZING CONDITIONS CORRESPONDING TO EQ. (53), AND
PARAMETERS OTHERWISE IDENTICAL TO FIGURE 7
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(b) »=0.002, A

o
o0

-
N
|

QJ/w, X 100

(@)
I

6.0 6.2 6.4 6.6

w/wC

FIGURES8. (CONTINUED)
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(a) R/R,=1.4, ¥=0.002,
R.w_/c=0.4433, A=0.04,

16}

Q/w x100

0 | {
6.0 6.2 6.4 6.6

o.)/wC

FIGURE 9. PLOTS OF (a) NORMALIZED GROWTH RATE Q;/w, AND (b) DOPPLER-SHIFTED REAL
OSCILLATION FREQUENCY (, /w, VERSUS w/w, OBTAINED FROM EQ. (47) FOR

R/R, = 1.4, R,w,fc = 0.4433, SEVERAL DIFFERENT VALUES OF THE FIELD INDEX
n, AND PARAMETERS OTHERWISE IDENTICAL TO FIGURE 8
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FIGURE 9. (CONTINUED)
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0

Szi/wcx 100
H
1

1.\ \1.2 \1.3 |

-0.5 O 1.25 2.5

ke/w,
( | 1 ] J
5.9 6.0 6.25 6.5
W /w,

FIGURE 10. PLOTS OF (a) NORMALIZED GROWTH RATE ,/w  AND (b) DOPPLER-SHIFTED
REAL FREQUENCY 2 /w . VERSUS NORMALIZED AXIAL WAVE NUMBER ke/w,
OBTAINED FROM EQ. (48) FOR THE PARAMETERS IDENTICAL TO FIGURE 8
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(b)
»=0.002, A=0.04,
B,=0.4, §,=0.2, n=0

L 4
Qr/wc x 100
N
|

N
!

N 1.3/ 1.2] 1.1 R/R. =1.4

| 1 I

-0.5 0 1.25 2.5
kc/wc

| | 1
5.9 6.0 6.25 6.5
Wylw,

-

FIGURE 10. (CONTINUED)
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) 1oL (a) v=0.002, A=
B, =0.96, G,=0.

&‘Zi/wc x 100
M
|

0 |
6 6.4 6.8

w/wC

FIGURE 11. PLOTS OF (a) NORMALIZED GROWTH RATE {;/w, AND (b} DOPPLER-SHIFTED REAL
FREQUENCY £ /w, VERSUS w/w, FOR g = 0.96, THE GRAZING CONDITIONS
CORRESPONDING TO EQ. (53), AND PARAMETERS OTHERWISE IDENTICAL
TO FIGURE 8
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6.4 6.8

<.u/cuC

FIGURE 11. (CONTINUED)
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,T l‘ N=24, f=25,
30+ / | $=0.,R/R,=11,
/ \ R .w_/c=1.069,
/ \ »=0.002,
8 \ A=0.04,
— 20F \\ B,=0.96,
xo \ Bz=0'2
3 \\
>
10k \
0 |
25 26 27

W/ W,

FIGURE 12. PLOT OF THE NORMALIZED GROWTH RATE Qi/wc VERSUS w/w, OBTAINED FROM
EQS. (47) AND (58) FOR 3, = 0.96,N=24,¢=25R./R, =11, Rwe/c = 1.069, @ = n/2M,

AND PARAMETERS OTHERWISE IDENTICAL TO FIGURE 8




S Ay
CRACINE
- C Y

. oy T . - d '.'~"-.l~‘-"-'~.‘.".'
LA o e SN e e e Ye T
POV LLI AEW i 2N -

e e e e VSN NS . . SRS
e A DA O S M R A A TR N N g R A PR B P I A A e A ]

NSWC TR 82-530

REFERENCES

1., V. A. Flyagin, A. V. Gaponov, M. I. Petelin, and V. K. Yulpatov,
IEEE Trans. Microwave Theory Tech. MIT-25, 514 (1977).

2, J. L. Hirschfield and V. L. Granatstein, IEEE Trans. Microwave
Theory Tech. MTT-25, 528 (1977).

3. H. s. Uhm, R. C. Davidson and K. R. Chu, Phys. Fluids 21, 1877
(1978).

4. A. Palevsky and G. Bekefi, Phys. Fluids 22, 986 (1979).

5. D. A. G. Deacon, L. R. Elias, J. M. M. Madey, G. J. Ramian,
H. A. Schwettman and T. I. Smith, Phys. Rev. Lett. 38, 897 (1977)

6. H. S. Uhm and R. C. Davidson, Phys. Fluids 24, 1541 (1981).
7. H. S. Uhm and R. C. Davidson, J. Appl. Phys. 49, 593 (1978).

8. W. W. Destler, D. W. Hudgings, M. J. Rhee, S. Kawasaki, and
V. L. Granatstein, J. Appl. Phys. 48, 3291 (1977).

9. ©P. Sprangle, J. Appl. Phys. 47, 2935 (1978).

10. W. W, Destler, R. L. Weiler, and C. D, Strittler, Appl. Phys. Lett.
38, 570 (1981).

11. M. J. Rhee and W. W. Destler, Phys. Fluids 17, 1574 (1974).
12. H. S. Uhm and R. C. Davidson, Phys. Fluids 21, 265 (1978).
13. H. S. Uhm and R. C. Davidson, Phys. Fluids 20, 771 (1977).
14. N. M. Kroll and W. E. Lamb, Jr., J. Appl. Phys. 19, 166 (1948).

15. G. B. Collins, Microwave Magnetrons, (New York, McGraw-Hill Co.,
1948) Chap. 2.

16. P. Sprangle and W. M. Manheimer, Phys. Fluids 18, 224 (1975).




e

NSWC TR 82-530

APPENDIX A

Magnetic Wave Admittances

In this section, we obtain expressions for the wave admittances at

the boundaries of an E-layer in a magnetron-type conductor. Shown in

Fig. A-1 is one of the resonators in a magnetron-type conductor. Obviously,

the electromagnetic field in the resonator is required to satisfy the

boundary conditions

Br(r = Rc) =E(r= Rc) = Ee(r = Rc) =0,

(A.1)
ée(e = tg) = ﬁz(e = tg) = E?(e = +3) = 0 .,

15,16 has shown that the lowest azimuthal mole in the

The previous study
resonator dominates the wave and beam interaction. Moveover, the
theoretical analysis is considerably simplified when the electromagnetic
field in the resonator is represented by the lowest azimuthal mode.
Therefore, after a careful examination of the boundary conditions in

Eq. (A.1), it is shown that the electric and magnetic fields in the

resonator are expressed as

fsz =b [Jo(pr) - Jl(C)No(pr)/Nl(C)] exp {ikz} , (A.2)

E, = 1b(w/ep} [3, (pr) - J (N (pr) /N, (D)] exp {1kz} , (A.3)

ﬁr = - (kc/w)ﬁ6 , | (A.4)
A-1
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for the TE mode and
E =B =E =0 (A.5)

for the T™M mode. 1In Eq. (A.2), Jz(x) and Nz(x) are Bessel functions of
the first and second kind, respectively, ¢ = (w2/c2 - kz)% Rc’ and b is
a constant. It is also emphasized that Eq. (A.5) is valid provided

wzlc2 - k2 # 0. Making use of Eq. (A.5), the electric wave admittances

have been obtained in Eq. (34).

In the interaction region 0 € r € Ra’ the perturbed axial mangetic

field is expressed as

r Z byp J,(PT) exp {i(né + kz) } ,
n =

0<r«< Ry
3 o= d (A.6)
z @
L nZ_“ b, Zn(pr) exp {i(né + kz) } ,
RO <r< Ra ,
where the function Zn(pr) is defined by
Jn(pr) , NFE L,
Zn(pr) = (A.7)

Jl(pr) + GlNl(pr) , no=g¢

and constant Gn is determined from the proper boundary condition. From

Eq. (A.3), we obtain the azimuthal electric field

A=2
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E,(R.") = -1(w/ep) [ (n) = I (ON (/N ()] exp (ikz } , (a.8)
for

and ﬁe(R:) = 0, otherwise, where N is the number of the resonators,

q=0,1, ... N~-1, and y(R i) denotes U YR, + §). It is also shown
] 5*0+ J =

from Eq. (A.6) that

x?:e(Ra‘) = -1(w/cp)§ bnzn'(n) exp {i(n6 + k2)} , (A.9)

where the prime (') denotes (d/dx)zn(x).

The constants bn are determined by the average field matchingls’l6

2r _
deEe(Ra ) exp {-ing}
0

de expj~ine} (A.10)

N =1 J‘(an/N)+ a
(27q/N) - a

-E,R D)
q=0

which gives

J1(2)
b, = b 22 (Si“ ““) : [Nl(c) N (n) - Jl(n)] (A.11)
z, (n) 1

for n = 5 + mN, and bn = 0 otherwise, where m is any integer and s = 0,
1, ... N - 1. Substituting Eq. (A.1ll) into Eq. (A.6), the axial magnetic

field in Ro <rc«< Ra is expressed as
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J (c)
A Na
B =b=— . [N @) N (n) - Jl(n%]

(A.12)

X - Zn(pr) sin na
na

T )exp {i(ne + kz2)} .
- 2 (n)

Resonance is determined by the requirement that the average value of
the axial magnetic field in the interaction region match that in the
resonator, i.e.,
(271q/N) + «
- +
d@Bz(Ra ) = ZmBz(Ra ) . (A.13)

(2nq/N) -a

Substituting Eqs. (A.2) and (A.12) into Eq. (A.13), and carrying out a

tedious but straightforward algebra, we determine the constant Gz

3, (MDw,k)
Gg(m,k) - - (A.14)
N, (Fw,k)

where the vacuum dispersion function D(w,k) is defined by

— J (n) 2

D(w,k) = Z n' \sitr:anu)
m=-=J (n)

(A.15)

o Jo(n)Nl(c) - Jl(c)No(n)
Na Jl(c)Nl(n) - Jl(n)Nl(c)

and the function F(w,k) is given by

et
o SN

=

ety
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2

J,(n) N (n)

F(w,k) = D(uw,k) ~ | 2— - -2 ] (;122“) (A.16)
Iy (n) N, (n)

The perturbed axial magnetic field with azimuthal harmonic number

2 is given by

blsz(pr) , 0€r < Ro,

Blz(r) = { (A.17)
bz [Jz(pr) + Glnz(pr)] , Ro <r< Ra .

from Eq. (A.6). Making use of Eq. (A.17) and the definitions of the

magnetic wave admittances in Eq. (12), it can be shown that sum of the

magnetic wave admittances at r = Ro is expressed as

2" .
zzcllws I, (&) , (A.18)

b- + b+ = (] ¥
3, (8 + 6N, (B)

- - - 2,2 _ 2.k
where £ cRo/Rc nRO/Ra (w“/c k5) Ry-

s el PP} odeasnd Ll<-AAJ
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